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We use a theoretical approach to reveal the electronic and structural properties of molybdenum
impurities between MoS2 bilayers. We find that interstitial Mo impurities are able to reverse the
well-known stability order of the pristine bilayer, because the most stable form of stacking changes
from AA’(undoped) into AB (doped). The occurrence of Mo impurities in different positions shows
their split electronic levels in the energy gap, following octahedral and tetrahedral crystal fields.
The energy stability is related to the accommodation of Mo impurities compacted in hollow sites
between layers. Other less stable configurations for Mo dopants have larger interlayer distances and
band gaps than those for the most stable stacking. Our findings suggest possible applications such
as exciton trapping in layers around impurities, and the control of bilayer stacking by Mo impurities
in the growth process.
I. INTRODUCTION
The recent isolation of new 2D materials, such as
hexagonal boron nitride (h-BN) [1], black phospho-
rus [2], and particularly transition metal dichalco-
genides (TMDCs) [3] have attracted considerable atten-
tion thanks to their interesting physical, chemical, elec-
tronic, optical, and mechanical properties [4–11]. Among
TMDCs, MoS2 is being used as prototype in several dif-
ferent applications, such as photovoltaic cells, photocat-
alysts, electronic nanodevices, and energy storage and
conversion materials [12]. In structural terms, a layer of
MoS2 has Mo centers coordinated with six sulfur ligands
in a trigonal prismatic arrangement [13, 14], following a
hexagonal lattice of alternating Mo and S atoms, as seen
from above. TMDCs nanostructures can then be pro-
duced by stacking several MoS2 layers through weak van
der Waals interactions. It is noteworthy that the number
of layers and their stacking arrangement largely modify
the electronic properties of the MoS2 semiconductor [15–
19]. For instance, the MoS2 monolayer shows a direct
band gap, compared with the indirect band gap of MoS2
bulk [20–23]. The stacking in the MoS2 bilayer alters
the band gap, which can then be engineered not only by
strain [24, 25], but also by sliding [26] and twisting the
MoS2 layers [27]. Thus, the control of the MoS2 bilayer
stacking is relevant when considering different applica-
tions in future devices.
The electronic and magnetic properties of MoS2 mono-
layers and bilayers are also tuned by defects, such as va-
cancies and adatoms [28–30]. Most of the adatom im-
purities considered within MoS2 layers are in groups IA
and VIIA, or transition metal atoms. The adatoms in
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FIG. 1: Representation of a MoS2 bilayer with two types of
stackings, AA’and AB, with the Mo impurity atom in different
positions. Mo atoms are shown as cyan spheres, sulfur atoms
are shown as yellow spheres, and the Mo impurity as red
spheres. (a-c) AA’ stacking with three initial positions for
the Mo impurity atom: (a) hollow (H), (b) top (T), and (c)
bridge (B). (d) AB stacking with the Mo impurity atom in
the top position (T’).
the interlayer space have interesting effects, such as n-
or p-type doping, induced magnetic moments [31–33],
and structural phase transitions [34]. Although some
early photoelectron spectroscopy experiments appeared
to show Mo atoms embedded between MoS2 layers [35],
current experiments using low-temperature STM show
Mo impurities between bilayers [36]. However, the ef-
fects of intrinsic Mo impurity atoms on the electronic
and structural properties of MoS2 bilayers with different
stackings are still largely unexplored.
We present a theoretical study of the structural and
electronic properties of the MoS2 bilayer considering Mo
atoms as intrinsic impurities, placed at different positions
within the interlayer region in a diluted regime. Using
density functional with van der Waals calculations from
first principles, we relax the structures and study their
electronic properties. We find that the intrinsic Mo im-
purities in the interlayer region produce some interesting
behaviors, namely (i) a change in the stability order with
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2respect to the pristine bilayer, energetically favoring the
AB stacking over the AA’, (ii) impurity states in the band
gap region, and (iii) an increase in the distance between
layers. The structural and electronic modifications in-
duced by the impurities could be employed as electron
and exciton-like traps [37, 38], and the change in stack-
ing produced by the Mo impurities could also be useful to
fine-tune the stacking during the growing process [27, 39].
II. MODEL AND COMPUTATIONAL DETAILS
A Mo doped MoS2 bilayer is described using density
functional of van der Waals (vdW-DF) calculations with
the SIESTA method [40]. To describe the core electrons,
we consider norm-conserving relativistic ab-initio pseu-
dopotentials in the Troullier Martins form [41], including
nonlinear core corrections for inner d-electrons [42]. The
exchange and correlation energy are calculated by the
non-local vdW-DF, using the parametrization proposed
by Dion et al [43], taking into account the exchange en-
ergy modification included by Cooper (C09) [44]. To in-
clude impurities, the structures of the MoS2 bilayers are
extended to a 3×3 MoS2 supercell, using periodic bound-
ary conditions. A k -grid of 10× 10× 1 Monkhorst-Pack
is used to sample the Brillouin zone. A vacuum region in
the z -direction, of at least 20 A˚ avoids interactions with
periodic images. The structures were relaxed until the
force in each atom was less than 10−2 eV/A˚.
We first consider the most stable configurations of
the pristine MoS2 bilayer, namely the AA’ and the AB
configurations. In AA’ stacking, the hexagons in each
layer are superposed in such a way that the molybde-
num atoms of the bottom layer are located just below
the sulfur atoms in the top layer, and vice-versa. For AB
stacking the hexagons in each layer are shifted with the
sulfur atoms of the bottom layer beneath the hollow sites
of top layer, and the molybdenum atoms in the top layer
over the molybdenum atoms in the bottom layer [18],
as shown schematically in Fig. 1. In our calculations
we found an energy difference between these stackings of
EAA′ - EAB = 2.6 meV per atom, in good agreement with
previous DFT calculations [18, 19, 45].
We then include Mo atoms as intrinsic impurities
within the interlayer region for both bilayer stackings at
different inequivalent positions, as shown in Fig. 1. The
Mo impurity is labeled as Moimp. The initial absorp-
tion sites for Mo within the MoS2 bilayer are assumed
to follow Mo sites in MoS2 monolayers [46, 47]. For AA’
stacking, we have (i) a hollow site (H) in the center of
the two hexagonal rings formed by the Mo and sulfur
atoms belonging to the MoS2 bilayer, (ii) a top site (T)
just above a sulfur atom of the bottom layer, and (iii)
a bridge site (B) between two sulfur atoms of the MoS2
bilayer. In the AB stacking we also included (iv) the top
site (T’) on the S atom.
The MoS2 bilayer structures with the impurity in the
interlayer region are fully relaxed, to allow the opti-
mized lattice parameters and atomic coordinates to be
obtained. The binding energy can then be calculated
using:
Ebinding = ETotal − Ebilayer − Eimp,
where ETotal is the total energy of the MoS2 bilayer with
the impurity, Ebilayer is the energy of the corresponding
final pristine MoS2 bilayer (either AA’ or AB), and Eimp
is the energy for the isolated Moimp atom.
III. RESULTS AND DISCUSSION
A. Energy and Geometry
Figure 2 shows the total and binding energies for the
different stackings and impurity positions. The binding
energies are negative, which indicates that the Mo impu-
rity atoms are indeed adsorbed in the interlayer region
of the MoS2 bilayer. The binding and total energies ex-
hibit the same trend in terms of stability. The results in
increasing order of stability shows that in the presence of
the interlayer Moimp, the Mo-AB bilayer configuration is
the most energetically favorable. This configuration has
AB stacking with the Moimp superposed with two Mo
atoms as seen from above. Note that the Mo-AB con-
figuration is reached from the input that has the Moimp
placed at the bridge (B) position in the AA’ stacking.
The next most favorable configuration is Mo-H, with
the Moimp in the hollow position, in which the bilayer
structure maintains the AA’ stacking. The Mo-H case
is less stable than Mo-AB by about 1.5 eV. On the right
hand side, the configurations labeled Mo-T’(or T) for AB
(or AA’) stackings are energetically close, and the least
stable.
We classify the relaxed configurations according to how
the Moimp is related structurally to its neighboring sul-
fur atoms [49, 50]. The Mo-AB and Mo-H configurations
form octahedral sites around the Moimp. These configu-
rations have a coordination number of six, corresponding
to the six neighboring sulfur atoms. The Mo-T and Mo-
T’ configurations for the Moimp form a tetrahedral struc-
ture with a coordination number of four, therefore, the
sulfur atoms in the top and bottom layers form a tetrahe-
dral site for the Moimp. These octahedral and tetrahedral
environments are shown schematically at the top of Fig.
2. It is noteworthy that regardless of the final stacking,
octahedral configurations are the most stable.
B. Electronic Properties
Results showing the band structures and the local den-
sity of states (LDOS) projected in space, for some of the
considered configurations, are presented in Fig. 3. We fo-
cus on the impurity in-gap states near the Fermi energy
introduced by the Moimp atom, indicated by the areas
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FIG. 2: Total and binding energy as functions of structural configurations of Mo impurities within the MoS2 bilayer. The red
spheres indicate the Mo impurity in each configuration. The relaxed structures are included, grouped in octahedral (Mo-AB
and Mo-H) and tetrahedral (Mo-T’ and Mo-T) structures of sulfur atoms around Mo impurities. The zero energy point is set
for the most energetically favorable structure, namely the Mo-AB configuration. Figure prepared using XCrySDen [48].
enclosed by orange rectangles. The band structures of
the most stable structures show three distinctive in-gap
states, joined in two groups, labeled as regions 1 and 2
with degeneracies of one and two, respectively. Although
the Moimp in these two configurations presents an octahe-
dral sulfur environment, the in-gap bands present slightly
different dispersive behavior. In region 1, the band for
the Mo-AB case is more dispersive than the correspond-
ing band for the Mo-H configuration, which is almost flat.
The states in region 1 mainly have dz2 orbital character,
as shown in the LDOS of panels (d) and (e). Note that in
region 1, the surrounding region of the impurity for the
Mo-AB case has some hybridization with bilayer orbitals,
which is not observed for the Mo-H case. In region 2 of
the Mo-AB case, there are two energy bands which are
mainly non-bonding Moimp d orbitals with the neighbor-
ing sulfur atoms, as shown in the LDOS in panels (d) and
(e). By comparing the Mo-AB and Mo-H configurations,
the stability order can be associated with the widening
of the bands in regions 1 and 2 and to the displacement
of the bands in region 2 to lower energies in the Mo-AB
configuration.
The band structures in the Mo-AB and Mo-H configu-
rations are spin-compensated and related to the impurity
in an octahedral sulfur environment. We now focus on
the Mo-T and Mo-T’ cases. These two configurations
have similar energy band structures and are found to
have close energies. Both systems exhibit spin polarized
behavior with a total magnetic moment of 2 µB , which is
determined by a similar Moimp tetrahedral environment.
In particular for the Mo-T configuration, the spin up and
spin down components of the spatial resolved LDOS are
shown in Fig. 3 panel (f). The state in region 1 has a
dz2 orbital character; however, it is above the Fermi level.
The LDOS of the lower impurity states, the up states in
region 3 and the spin down component in region 2 are
nearly equal, depleting the LDOS in the Moimp-S bond
direction as in the Mo-AB case. However, the states re-
sponsible for the spin polarization in the T and T’ config-
urations are the spin up d-orbitals in region 2, which are
along the Moimp-S bonds. We also find that the LDOS is
localized not only on the Moimp, but also on one of the
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FIG. 3: (a-c) Band structures for the given configurations. The Fermi energy is set to 0 eV. Orange rectangles enclose the Moimp
bands separated into several different energy regions, labeled as 1, 2 and 3. (d-f) Local density of states (LDOS) projected in
space for the Moimp bands in the band gap region of the MoS2 bilayer. Figure prepared using XCrySDen [48].
MoS2 layers. This layer asymmetry indicates that doping
by electrons or holes could spatially differentiate between
the two layers in the MoS2 bilayer, a finding that could
be of use in optoelectronic applications [22, 51].
The electronic structure for the impurity level states
is best understood using crystal field theory. We ana-
lyze the ligand field splitting for the Moimp d-orbitals
produced by the interactions with the sulfur ligands for
the octahedral and tetrahedral sites. The bonding and
non-bonding interactions of d-orbitals for octahedral and
tetrahedral sites are in agreement with the energy level
scheme shown in Fig. 4. We consider the z -axis perpen-
dicular to the layers and the x and y axes in the in-plane
layer. In the octahedral environment for the Mo-AB and
Mo-H configurations, the sulfur ligands overlap less with
the in-plane dxy and dx2−y2 orbitals, these orbitals are
therefore non-bonding and have the lowest energy. The
dz2 orbital remains non-bonding at an intermediate en-
ergy, interacting less with the sulfur atoms. We next
find that the dxz and dyz orbitals are more strongly di-
rected and interact with the sulfur atoms along Moimp-S
bonds, lying at higher energies. In the case of tetra-
hedral environment fo Mo-T’ and Mo-T, shown in Fig.
4(b), the dxy and dx2−y2 orbitals behave similarly to the
octahedral structure; however, the dxz and dyz orbitals
exchange roles with the dz2 orbital. Thus, the dz2 orbital
in the tetrahedral environment interacts more with the
sulfur ligands increasing its energy, as shown for region
1 of Fig. 3(c) and (f) in the Mo-T case. The level filling
help to explain why the tetrahedral cases have spin po-
larization, and a total magnetization of 2 µB , as shown
by the arrow counting.
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FIG. 4: Ligand field splitting for Moimp d-orbitals produced
by the neighboring sulfur atoms in (a) octahedral and (b)
tetrahedral environments. Figure prepared using VESTA
[52].
We now consider the gap changes in the bulk bands,
shown in gray in Fig. 3, and induced by the Moimp.
It is well known that band gaps calculated using GGA
infra-estimate the values produced in experiments, so we
discuss differences in magnitude gaps. The layer-gap is
indicated by the energy difference between the HOMO-
LUMO bulk bands at the Γ-point [58]. The energy gaps
of the pristine MoS2 layers are correlated with the inter-
layers distances. We check that the gap and distances
for the AB pristine stacking are 0.09 eV smaller and 0.03
A˚ shorter than the values for the AA’ pristine case. The
layer-gaps and the interlayer separation including Moimp
show larger values in comparison with the pristine cases.
Among the Mo doped systems, the most stable Mo-AB
case has the smaller layer-gap and the shortest inter-
layer separation. The layer-gap is 0.2 eV above the AB-
pristine, and the interlayer separation is 0.03 A˚ larger
than that of AB-pristine. The layer-gap values for the
Mo-H and the T and T’ increase from the Mo-AB case
by 0.2 eV and by 0.5 eV respectively. These gap dif-
ferences are somewhat correlated with the difference be-
tween layer-layer distances, ∼ 0.5 A˚, between the Mo-AB
and Mo-H cases, a value that increases up to 0.7 A˚ for the
T(T’) configurations. The increase in the layer-band-gap
with interlayer distance is explained by a weaker inter-
layer coupling.
The interlayer distances in the proximity of the im-
purity are between 0.1 and 0.16 A˚ larger than those far
from it, which indicates the role of local strain. Further-
more, experiments prove than the band gap of bilayer
TMDCs can be controlled by strain [38, 53, 54]. We
propose that the electronic and structural modifications
around the impurity could be used in a similar way to
electronic confinement for embedded quantum dots. Cur-
rent experimental techniques employing cross-sectional
scanning transmission electron microscope analysis in
encapsulated TMDC materials can provide evidence of
impurity species being trapped in the interstitial region
[55]. This effect thus has potential applications for op-
toelectronic devices as exciton traps around Mo-doped
bilayers. A number of different experimental techniques
can be used to corroborate our theoretical predictions,
for instance angle-resolved photoemission spectroscopy
and cross-sectional scanning transmission electron micro-
scope analysis [55, 56].
C. Stacking change
Another possible implication of our results is that tran-
sition metal ions could be used to engineer the stack-
ing between TMDC bilayers and to tune their electronic
properties. In the Mo-AB and Mo-H configurations, the
Moimp is located within sulfur ligands forming octahedral
sites. In these two configurations, the Moimp presents
structural differences in the relative position respect to
the nearest Mo atoms, belonging to the top and bottom
MoS2 layers. The Moimp bonding produces a stacking
change in Mo-AB related to the total energy decrease.
The interlayer Mo-Mo distance around the impurity is
smaller around 0.1 A˚ than the interlayer distance away
from the impurity. The shorter distance promotes the
hybridization of the impurity states with the layer states
increasing the dispersion of the in-gap impurity states.
Figure 5 (a-b) shows the total energy change versus the
relative displacement in the x and z directions, for two
distant Mo atoms during the relaxation steps, starting
with the AA’ stacking. We find that the total energy
drops until it reaches the reference ground state energy.
The displacements in the z -direction show that the layers
are breathing towards the ground-state AB stacking. The
energy at the maximum turning point is ∼ 0.5 eV, a value
that reflects the barrier to be overcome by shifting the
layers. In Fig. 5(c), we schematize the stacking change
from AA’ to AB mediated by the presence of a Moimp
atom, the stability gain produced by the Moimp favors
AB stacking. DFT calculations controlling the sliding of
pristine bilayers yield a similar energetic profile, but in
the reverse direction to the Mo-doped bilayers [57].
IV. FINAL REMARKS
We studied the structural and electronic properties of
a MoS2 bilayer with intrinsic Mo impurities within the
interlayer region. We find that the most stable confi-
guration is Mo-AB, with an energy gain above the van
der Waals interaction because the Mo impurity levels
strongly hybridize with the nearest atoms. Note that
pristine bilayers have AA’ stacking as the ground state.
A change in the stacking stability order from AA’ to AB
is observed to be induced by impurities, with the cor-
responding variation in energy gap. Thus, it is possible
to engineer the stacking between TMDC bilayers during
the growth process, enabling their electronic properties
to be fine-tuned. The states and deformations induced
by impurities could also be used for electronic confine-
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FIG. 5: (a-b) Energy change vs. relative displacement of two Mo atoms labeled as 1 in magenta and 2 in blue for Mo-AB
configuration. ET is the total energy in each relaxation step and EGS is the ground state energy. The arrows indicate the final
positions of the 1 and 2 atoms. x1, x2 and z1, z2 are the displacements in the x -direction and the z -direction, for atoms 1, 2,
respectively. The zero point displacements in the x -direction and z -directions are set for AA’ stacking. (c) Scheme showing
the change from the initial AA’ to the relaxed AB stacking induced by the Mo impurity.
ment applications in optoelectronic devices, based on ex-
citon/electron trapping.
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